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Cellulose synthase catalytic subunits (CesAs) are the catalytic sites within a multisubunit complex for cellu-
lose biosynthesis in plants. CesAs have been extensively studied in diploid plants, but are not well character-
ized in polyploid plants. Gossypium hirsutum is an allotetraploid cotton species producing over 90% of the
world's cotton fibers. Although G. hirsutum CesAs (GhCesAs) are responsible for cellulose production in cotton
fiber, very limited numbers of GhCesA genes have been identified. Here, we report isolating and characteriz-
ing a pair of homeologous CesA2 genes and their full-length cDNAs from allotetraploid cotton. The GhCesA2-
AT gene from the A-subgenome and GhCesA2-DT gene from the D-subgenome were screened from a G. hirsutum
BAC library. These genes shared 92% sequence similarity throughout the entire sequence. The coding sequences
were nearly identical, and the deduced amino acid sequences from GhCesA2-AT (1,039 amino acids) and
GhCesA2-DT (1,040 amino acids) were identical except four amino acids, whereas the noncoding sequences
showed divergence. Sequence analyses showed that all exons of GhCesA2-AT contained consensus splice donor
dinucleotides, but one exon in GhCesA2-DT contained nonconsensus splice donor dinucleotides. Although
the nonconsensus splice donor dinucleotides were previously suggested to be involved in alternative splice or
pseudogenization, our results showed that a majority of GhCesA2-AT and GhCesA2-DT transcripts consisted of
functional and full-length transcripts with little evidence for alternative mRNA isoforms in developing cotton
fibers. Expression analyses showed that GhCesA2-AT and GhCesA2-DT shared common temporal and spatial ex-
pression patterns, and they were highly and preferentially expressed during the cellulose biosynthesis stage in
developing cotton fibers. The observations of higher expression levels of bothGhCesA2-AT and GhCesA2-DT in de-
veloping fibers of one near-isogenic line (NIL) with higher fiber bundle strength over the other NIL with lower
fiber bundle strength suggested that the differential expression of genes associatedwith secondary cell wall cel-
lulose biosynthesis in developing fiber might affect cotton fiber properties.

Published by Elsevier B.V.
1. Introduction

Cellulose, the most abundant biopolymer in nature, organizes into
microfibrils in plant cell walls, providing strength and flexibility to
plants. Cellulose is the major constituent of paper and textiles, and
has become the primary material for producing ethanol from energy
crops. Cellulose synthase, a multisubunit enzyme associated with
the plasma membrane in plants, plays a pivotal role in cellulose
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production (Doblin et al., 2002). The catalytic subunits of cellulose
synthase (CesAs), originally named CelAs, are central catalysts in
the generation of plant cell wall cellulose (Pear et al., 1996; Kumar
et al., 2009). CesA genes have been extensively studied in diploid
plants like Arabidopsis, rice and barley (Richmond and Somerville,
2000; Tanaka et al., 2003; Burton et al., 2004). The completion of
the Arabidopsis genome sequence revealed ten different CesA genes
in Arabidopsis (Richmond and Somerville, 2000). Genetic and bio-
chemical evidence from Arabidopsis showed three CesAs, AtCesA1,
AtCesA3, and a AtCesA6-related CesA (either AtCesA2, AtCesA5, AtCesA6
or AtCesA9) were required for primary cell wall (PCW) cellulose bio-
synthesis (Burn et al., 2002; Somerville, 2006; Persson et al., 2007),
whereas another set of three CesAs, AtCesA4, AtCesA7, and AtCesA8,
were involved in secondary cell wall (SCW) cellulose biosynthesis
in Arabidopsis xylem cells (Taylor et al., 2003; Somerville, 2006). In
Populus trichocarpa, a model tree that is a paleopolyploid that has
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undergone subsequent diploidization from ancient genome duplica-
tion, there are 17 PtiCesAs (Kumar et al., 2009). Unlike the extensive
studies of CesAs in diploid and paleopolyploid plants, a very limited
number of CesA genes have been identified from polyploid plants
that comprise the major agricultural, horticultural, environmental,
and bioenergy crops.

Cotton genus (Gossypium) consist of five allotetraploid cotton spe-
cies (2n=4x=52) of five species (AD1 to AD5) and about forty five
diploid species (2n=2x=26) belonging to eight different genomes
(A, B, C, D, E, F, G, and K) based on chromosome pairing relationships
(Wendel and Cronn, 2003). G. hirsutum (AD1 genome), known as up-
land cotton, accounts for over 90% of the world's cotton production
(Zhang et al., 2008). G. hirsutum is an allotetraploid, combining an A
genome from the maternal diploid parent (possibly G. herbaceum A2

genome) at the time of polyploid formation and a D genome (possibly
G. raimondii D5 genome) from the pollen parent (Applequist et al.,
2001; Wendel and Cronn, 2003). Gossypium species of diploid cotton
(A and D genome) and polyploidy cotton (AD genome) have been
used for studying plant genome size evolution and plant polyploidi-
zation (Adams et al., 2003; Senchina et al., 2003; Hovav et al., 2008;
Chaudhary et al., 2009).

Cotton fibers are unicellular trichomes that differentiate from epi-
dermal cells of developing cotton ovules (Kim and Triplett, 2001).
Cotton fiber development is divided into four overlapping stages; ini-
tiation, PCW biosynthesis for fiber elongation, SCW biosynthesis for
cellulose production, and maturation (Naithani et al., 1982). Fiber ini-
tiation starts a day before anthesis, and the initials enter into the
elongation phase immediately. During the PCW stage, a thin PCW is
deposited in elongating fibers and cotton fibers elongate up to
3–6 cm for 2–3 weeks. The SCW stage initiates approximately 14 to
16 days post anthesis (DPA), overlapping the final PCW stage. At the
transition from PCW to SCW biosynthesis in cotton fiber, synthesis
of other cell wall polymers ceases and the rate of cellulose synthesis
in cotton fibers is estimated to increase nearly 100-fold in vivo
(Meinert and Delmer, 1977). Mature fibers exhibit thickened SCW
composed of nearly pure cellulose.

Cotton fibers were suggested to be a model system for studying
cellulose biosynthesis (Kim and Triplett, 2001). The first plant CesA
cDNAs, GhCesA1 and GhCesA2, originally named CelA1 and CelA2,
were isolated from developing G. hirsutum fibers (Pear et al., 1996).
GhCesA1 (U58283) was a full length cDNA encoding 974 amino
acids, and GhCesA2 (U58284) was a 5′-truncated partial cDNA encod-
ing 685 amino acids. Later, homeologous GhCesA1 genes in both the
A-subgenome and D-subgenome from G. hirsutum were isolated
from cotton BAC libraries (Grover et al., 2004). However, neither
full length GhCesA2 cDNAs nor the genes per se have yet been identi-
fied. A very limited number of homeologous genes have been identi-
fied from allotetraploid G. hirsutum due to technical difficulties
in isolating homeologous genes using PCR techniques. PCR based
cloning techniques often amplify PCR-induced intergenic chimeras
from homeologous genes of allotetraploid G. hirsutum cotton due to
the high sequence similarity of homeologous genes (Cronn et al.,
2002). In addition, the large genomes (approximately 2.5 Gb) of allo-
tetraploid cottons have not been sequenced.

In this study, we screened from a G. hirsutum BAC library and iden-
tified a GhCesA2-AT gene from the A-subgenome and a GhCesA2-DT

gene from the D-subgenome of allotetraploid cotton. Both GhCesA2-
AT and GhCesA2-DT were composed of 12 exons and 11 introns. All
11 intron junctions of GhCesA2-AT consisted of the consensus splice
donor dinucleotides (GT…AG) required for removing introns from
mRNA precursors and ligating exons to form mature mRNA, whereas
one of the 11 intron junctions from GhCesA2-DT contained noncon-
sensus splice dinucleotides (GC…AG) enriched in alternatively
spliced genes in human and C. elegans (Thanaraj and Clark, 2001;
Farrer et al., 2002). Several cotton CesA genes containing the noncon-
sensus GC splice donor dinucleotides were previously classified as
pseudogenes due to the absence of the consensus GT splice donor
dinucleotides (Cronn et al., 1999). Our results showed that both
GhCesA2-AT and GhCesA2-DT were able to produce functional and ma-
ture CesA2 mRNAs in developing cotton fibers regardless of the varia-
tion in the splice donor dinucleotides. We also showed that GhCesA2-
AT and GhCesA2-DT were detected in both fiber and non-fiber tissues
of G. hirsutum, and these genes were most expressed in the SCW stage
of developing fibers. Furthermore, transcript levels of GhCesA2-AT and
GhCesA2-DT were compared between two near-isogenic lines with
different fiber bundle strength.

2. Materials and methods

2.1. Plant materials and growth conditions

Upland cotton plants (G. hirsutum L. cv. TM-1, MD 52ne, and MD
90ne) were grown in the field at the USDA, ARS, Southern Regional
Research Center, New Orleans, LA in 2008 and 2009. Developing
bolls were collected by 9 AM at 2 day intervals from 8 through 20
DPA and fibers were immediately harvested and frozen in liquid
nitrogen. Fully grown leaves (15 cm in diameter), expanding young
leaves (5 cm in diameter), bracts, and petals were also harvested
from the field. Cotyledon, hypocotyls and roots were harvested from
1 week old plants grown in a greenhouse at 25 °C to 32 °C. All tissues
were frozen in liquid nitrogen, and stored at −80 °C.

2.2. BAC library screening and fingerprinting for homeologous GhCesA2
genes from allotetraploid cotton

GhCesA2 homeologs were screened from a BAC library for G. hirsu-
tum, (TM-1) with BamHI-derived inserts in the pCLD04541 (Zhang
et al., 2008). The specific overgo (40-mer) and probe sequences for
GhCesA2 were selected using ClustalW and BLAST against the DFCI
Cotton Gene Index. The overgo of GhCesA2 (708-747nt of U58284,
5′-GTCTCTGAGAAACGACCAAAGATGACATGTGATTGCTGGC-3′) was
labeled with [32P] dCTP using Klenow at 37 °C for 30 min. The
166 nt of GhCesA2 (1635–1800 nt of U58284) was used to make ra-
dioactive probes by random priming with [32P]-dCTP. After removal
of unincorporated nucleotides using a QIA Quick Nucleotide Removal
Kit (Qiagen, Valencia, CA), probes were denatured at 95 °C for 10 min
and added to a hybridization container. The hybridizations were per-
formed at 50 °C for 18 h in hybridization solution (5X SSC, 0.5% SDS,
25 mM potassium phosphate at pH 6.5, and 5X Denhardt's). Filters
were washed with 1X SSC and 0.1% SDS at 50 °C, and then exposed
to X-OMAT AR film (Kodak, Rochester, NY). Primary and secondary
screenings identified four positive BAC colonies. DNAs from the posi-
tive colonies were isolated using a BACMAX™ DNA Purification Kit
(Epicentre Biotechnologies, Madison, WI). The isolated BAC DNAs
were triple-digested with EcoRI, BamHI, and HaeIII, end-labeled
with [33P] dATP using reverse transcriptase for 2 h at 37 °C, and
then subjected to 3.5% (w/v) polyacrylamide DNA sequencing gel
electrophoresis at 85 W for 100 min. The gel was dried and autoradio-
graphed. The fingerprints of the autoradiographs were scanned into
image files using a UMAX Mirage D-16 L scanner and edited using
the Image 4.0 (Soderlund et al., 1997). Two different GhCesA2 genes
identified by the fingerprints were sequenced and assembled using
SeqMan Pro software (DNASTAR Inc., Madison, WI).

2.3. Verification of GhCesA2 homeologous genes

To locate two different GhCesA2 genes in allotetraploid
cotton subgenomes, the specific sequences for GhCesA2-AT (5′-
ACGAGGTACGGCAGACGAGGTTT-3′/5′-AATTCATGTAGATCCAAACTTTC-
3′; amplicon, 570 bp) and GhCesA2-DT (5′-TCTGATAATACTG-
AACATGGTCGGAGT-3′/5′-TGAATCAGACCCACCCCGTAAAATCTAGTT-3′;
amplicon, 470 bp) aswell as the conserved sequences among CesAs (5′-
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TACAGAAGATATCTTAACAGGATTC-3′/5′-GAGAAGTGGTAAAGATGT-
GAAGGGG-3′; amplicon, 274 bp) were PCR amplified with genomic
DNA templates from allotetraploid G. hirsutum TM-1 (AD1) as well
as following diploid species from G. herbaceum (A1), G. arborium
(A2), G. thurberi (D1), G. armourianum (D2-1), G. davidsonii (D3-d),
G. klotzschianum (D3-k), G. aridum (D4-3), G. raimondii (D5), G. gossypioides
(D6-1), G. lobatum (D7-4), G. trilobum (D8-2), and G. laxum (D9-5).

2.4. Isolation of full length cDNAs of GhCesA2-AT and GhCesA2-DT

Total RNA was extracted from 8, 12, 16, and 20 DPA fibers of TM-1
using a Plant Total RNA Kit and DNase I (Sigma, St. Louis, MO). RNA
quantity was determined using a NanoDrop 2000 spectrophotometer
(NanoDrop Technologies Inc., Wilmington, DE). The RNA quality was
determined by an RNA integrity number (RIN) (Mueller et al., 2004)
using an Agilent Bioanalyzer 2100 with the RNA 6000 Nano 1 Kit
Chip (Agilent Technologies Inc., Santa Clara, CA). First strand cDNA
was synthesized from total RNAs by priming with oligo dT primer
using Thermoscript Reverse Transcriptase (Invitrogene, Carlsbad,
CA) at 50 °C. Full-length homeologous cDNAs of GhCesA2-AT and
GhCesA2-DT were PCR amplified from the first strand cDNAs with spe-
cific primer sets for GhCesA2-AT (5′-TTGGTTTTGCCATGGCTTCAACCAC-
CATGG-3′/5′-GAAATTAAATTGAACCAACAAAATCATAGG-3′; amplicon
size, 3,264 bp) and GhCesA2-DT (5′-TTGGTTTTGCCATGGCTTCAACCAC-
CATGG-3′/5′-TGAATCAGACCCACCCCGTAAAATCTAGTT-3′; amplicon
size, 3,313 bp) using AccuPrimeTM Taq DNA Polymerase High Fidelity
enzyme (Invitrogen, Carlsbad, CA). Both GhCesA2 cDNAs amplified
from 20 DPA fibers were cloned into the pCR-XL-TOPO vector (Invitro-
gen, Carlsbad, CA) and sequenced.

2.5. Temporal and spatial regulation of GhCesA2-AT and GhCesA2-DT

Total RNA extracted from various tissues at different developmen-
tal stages of TM-1. Semi-quantitative RT-PCR was performed with
specific primer sets for GhCesA2-AT (5′-TCTGATAATACTGAA-
CATGGTCGGAGT-3′/5′-GAAATTAAATTGAACCAACAAAATCATAGG-3′;
amplicon size, 424 bp) and GhCesA2-DT (5′-TCTGATAATACTGAA-
CATGGTCGGAGT-3′/5′-TGAATCAGACCCACCCCGTAAAATCTAGTT-3′;
amplicon, 470 bp) that were located at the 12th exon and 3′ UTR.

2.6. Comparison of GhCesA2-AT and GhCesA2-DT transcripts between
NILs MD 52ne and MD 90ne

Total RNAs were extracted from developing cotton fibers at 2 day
intervals from 12 through 18 DPA of both MD 52ne and MD 90ne. For
RT-qPCR, first strand cDNA was synthesized using iScriptTM cDNA
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) with random
hexamers. The RT-qPCR was performed using iTaqTM SYBR® Green
Supermix with ROX (Bio-Rad Laboratories). The specific primer sets
were GhCesA2-AT (5′-TGTTGATTTGCTGTGATTCTAAAAGGGATT-3′/5′-
GAAATTAAATTGAACCAACAAAATCATAGG-3′; amplicon size, 81 bp)
and GhCesA2-DT (5′-TGTTGATTTGCTGTGATTCTAAAAGGGATT-3′/5′-
TAGGTGAATCACACATTTTGCTCTTGCATT-3′; amplicon size, 97 bp).
Thermal cycler parameters for RT-qPCR were as follows: 95 °C
2 min, 40 cycles of 95 °C 15 s, 60 °C 30 s. A dissociation curve was
generated and used to validate that a single amplicon was present
for each RT-qPCR reaction. Relative quantification of target gene tran-
script abundance is expressed as fold-difference and was performed
using the comparative Cp method (Bustin et al., 2009). The transcript
levels during fiber development between MD 52ne and MD 90ne
were normalized with respect to 18S ribosomal RNA (U42827; 5′-
CGTCCCTGCCCTTTGTACA-3′/5′-AACACTTCACCGGACCATTCA-3′; ampli-
con size, 63 bp). A total of three RT-qPCR reactions were performed
at each time point for cotton tissues representing two biological
replications and three technical replications. Statistical analyses and
construction of graphs were performed using Prism version 3.00 soft-
ware (GraphPad Software, Inc., San Diego, CA).

2.7. Comparison of cotton fiber properties between G. hirsutum, MD 52ne
and MD 90ne

Cotton fiber properties such as bundle strength, fineness, length,
and maturity ratio were measured from three biological replications
of MD52ne and MD 90ne using a High-Volume Instrumentation
(HVI) (USTER Technologies Inc., Charlotte, NC) and an Advanced
Fiber Information System (AFIS) (USTER Technologies Inc.) as de-
scribed in Hinchliffe et al. (2010).

3. Results

3.1. Isolation of homeologous GhCesA2 genes from a G. hirsutum BAC
library

For screening homeologous GhCesA2 genes from a G. hirsutum TM-1
BAC library, a probe hybridizing the specific region of theGhCesA2 cDNA
was identified by searching CesA ESTs from the DFCI Cotton Gene Index
(CGI, Release 10.1 at http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/
gimain.pl?gudb=cotton) containing 116,520 Gossypium genes.
Among sixty-one Gossypium genes containing cellulose synthase signa-
turemotifs in the CGI database, two tentative consensus (TC) sequences
(TC179659 and TC219062) were most similar to the 5′-truncated par-
tial GhCesA2 cDNA (U58284, 685 amino acids) that was an ortholog of
AtCesA4 (1,049 amino acids) and PtiCes4 (1,042 amino acids) involved
in SCW biosynthesis in Arabidopsis and Populus, respectively. By com-
paring all Gossypium CesAs in the CGI database, an overgo (708–747 nt
of U58284) specifically binding to CesA2 and a probe binding to a con-
served CesAdomain (1635–1800 nt of U58284)were used for screening
GhCesA2 homeologs. Through primary and secondary screenings, four
BAC clones were identified as positive GhCesA2 candidates from a
BIBAC library for G. hirsutum, TM-1 covering 4.4x genome (Zhang
et al., 2008). After fingerprinting and sequencing these four BAC clones,
two different GhCesA2 from allotetraploid G. hirsutum were identified
and named GhCesA2-AT (JN382209) and GhCesA2-DT (JN382210)
(Fig. 1). Computational analysis of the sequences from GhCesA2-AT

and GhCesA2-DT showed that the putative transcriptional start sites of
GhCesA2-AT and GhCesA2-DT were located at 216 and 222 nucleotides
respectively upstream from the translational start codon, and the tran-
scriptional start site wasmarked as+1 (Fig. 1). In bothGhCesA2-AT and
GhCesA2-DT, putative TATA boxes were located in the region−24/−29,
and a putative CAAT box presented in the region −63/−66. Both
GhCesA2-AT and GhCesA2-DT consisted of 12 exons and 11 introns
(Fig. 1). They share 92% sequence similarity over the entire sequence.
All splice sites from GhCesA2-AT contained consensus splice dinucleo-
tides (GT…AG), whereas one splice site of intron 10 from GhCesA2-DT

had nonconsensus GC splice donor dinucleotides instead of consensus
GT donor dinucleotides (Fig. 1, *). The partial GhCesA2 cDNA sequence
(U58284; Pear et al., 1996) was identical to the coding sequences
from exons 8–12 ofGhCesA2-AT, but different from those ofGhCesA2-DT.

To locate the two different GhCesA2 genes in the subgenomes of
allotetraploid cotton, G. hirsutum, specific primers for GhCesA2-AT or
GhCesA2-DT were designed from the non-coding regions where se-
quence diversity occurred. The specific region of GhCesA2-AT or
GhCesA2-DT was PCR amplified from various genomic DNA templates
isolated from one allotetraploid G. hirsutum (AD1), two A genome
diploid cottons from G. herbaceum (A1), G. arborium (A2), and ten
D genome diploid cottons from G. thurberi (D1), G. armourianum
(D2-1), G. davidsonii (D3-d), G. klotzschianum (D3-k), G. aridum (D4-3),
G. raimondii (D5), G. gossypioides (D6-1), G. lobatum (D7-4), G. trilobum
(D8-2), G. laxum (D9-5) (Fig. 2). The specific region for GhCesA2-AT was
abundantly amplified from the templates of AD1, A1, and A2 genomes,
but rarely amplified from ten D genome species (Fig. 2). In contrast,

http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=cotton
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Fig. 1. Schemes of homeologous GhCesA2 genes from allotetraploid G. hirsutum. The solid box represents exon sequences and the asterisk represents nonconsensus GC splice donor
dinucleotides.
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the specific region for GhCesA2-DT was amplified from the templates
of AD1 and all ten D genomes, but was not amplified from either
one of two A genome species (Fig. 2). The conserved CesA region
was universally amplified from templates with AD1, A, and D
genomes (Fig. 2). In summary, we verified that GhCesA2-AT and
GhCesA2-DT were homeologous genes located within the A-
subgenome and D-subgenome, respectively.
3.2. Phylogenetic analysis of CesA genes from allotetraploid G. hirsutum

Phylogenetic relationships of GhCesA2 homeologs from G. hirsutum
were compared with Arabidopsis thaliana CesAs (AtCesAs) and Populus
trichocarpa CesAs (PtiCesAs). G. hirsutum is a polyploid and perennial
plant with long seed trichomes (fibers). Arabidopsis is a diploid and an-
nual plant that lacks seed trichomes. In contrast, P. trichocarpa is a
paleopolyploid and perennial tree containing seed trichomes. Due to
its prolific production of seed trichomes, P. trichocarpa is also called
“black cottonwood” (Tuskan et al., 2006). All 10 AtCesAs from the
Arabidopsis genome were obtained from the TAIR site (http://www.
arabidopsis.org/index.jsp). All 17 different PtiCesAs from the P.
trichocarpa genome were downloaded from the JGI site (http://
genome.jgi-psf.org/Poptr1_1/Poptr1_1.home.html). In addition to the
GhCesA2 homeologs, other published GhCesAs such as the GhCesA1
homeologs (Pear et al., 1996; Kim and Triplett, 2001; Grover et al.,
2004) and GhCesA3 cDNA (Laosinchai et al., 2000; Zhu et al., 2011) clus-
tered with AtCesAs and PtiCesAs.

Both GhCesA1 homeologs and GhCesA2 homeologs involved in
SCW cellulose biosynthesis in developing cotton fibers clustered
respectively with AtCesA8 and AtCesA4 involved in SCW cellulose bio-
synthesis in xylem from diploid Arabidopsis (Fig. 3). Interestingly,
GhCesA2-AT and GhCesA2-DT from allotetraploid cotton were clustered
with only one ortholog (PtiCesA4) from Populus although GhCesA1-AT

and GhCesA1-DT clustered with two orthologs (PitCesA8-A and
PtiCesA8-B) from Populus. GhCesA3 aligned with one PCW CesA
gene (AtCesA3) from diploid Arabidopsis and four PCW CesA genes
(PtiCesA3s-A, PtiCesA3s-B, PtiCesA3s-C, and PtiCesA3s-D) from Populus.
Fig. 2. Identification of homeologous GhCesA2-AT and GhCesA2-DT genes from allotetra-
ploid G. hirsutum. The specific sequences for GhCesA2-AT from the A-subgenome and
GhCesA2-DT from the D-subgenome of G. hirsutum were PCR amplified from following
genomic DNAs: G. hirsutum TM-1 (AD1), G. herbaceum (A1), G. arborium (A2), G. thurberi
(D1), G. armourianum (D2-1), G. davidsonii (D3-d), G. klotzschianum (D3-k), G. aridum
(D4-3), G. raimondii (D5), G. gossypioides (D6-1), G. lobatum (D7-4), G. trilobum (D8-2),
G. laxum (D9-5). For the control (GhCesA2-AT & DT conserved), the conserved sequences
among CesAs were amplified.
3.3. Temporal and spatial expression of GhCesA2-AT and GhCesA2-DT

The partial GhCesA2 cDNA sequence (U58284), identical to the
coding sequences between exon 8 and exon 12 from GhCesA2-AT

was previously reported to be expressed specifically in developing
cotton fibers based on Northern analyses (Pear et al., 1996). With
the availability now of more sensitive and specific methods of detect-
ing transcript abundance, we tested if both GhCesA2-AT and GhCesA2-
DT were specifically expressed in cotton fibers. We first compared the
expression levels of GhCesA2-AT and GhCesA2-DT in various cotton
tissues at different developmental stages using semi-quantitative
RT-PCR with specific primer sets designed from the diverse 3′ UTR
sequence of GhCesA2-AT and GhCesA2-DT (Fig. 4). Fig. 4A shows the
specificity of the primer sets used in the semi-quantitative RT-
PCR of GhCesA2-AT and GhCesA2-DT. The primer set for GhCesA2-AT

amplified the amplicon (424 bp) specifically from GhCesA2-AT tem-
plates, whereas the primer set for GhCesA2-DT amplified the amplicon
(470 bp) specifically from GhCesA2-DT template (Fig. 4A). Transcripts
of GhCesA2-AT and GhCesA2-DT were commonly expressed in actively
developing tissues like fiber (20 DPA), young leaves, 1-week old hy-
pocotyls, 1-week old roots, bracts (DOA), and petals (DOA)
(Fig. 4B). The highest level of GhCesA2-AT and GhCesA2-DT transcripts
was detected in 20 DPA cotton fiber among the tested cotton tissues
(Fig. 4B, Fiber). Ubiquitin transcripts that are expressed constitutively
in various cotton tissues were used as a control.

Fig. 4C shows the temporal regulation of GhCesA2-AT and
GhCesA2-DT during cotton fiber development. The expression levels
of both GhCesA2-AT and GhCesA2-DT were rarely detected while
rapid fiber elongation occurred (8–12 DPA), increased at the onset
of secondary cell wall (SCW) cellulose biosynthesis (16 DPA), and
remained at high levels during SCW biosynthesis (20 DPA) (Fig. 4C).
In summary, both GhCesA2-AT and GhCesA2-DT shared common tem-
poral and spatial expression patterns in G. hirsutum, and these genes
were preferentially expressed during the SCW biosynthesis stage in
developing cotton fibers.

3.4. Functional analysis of nonconsensus GC splice donor dinucleotides in
GhCesA2-DT

Several partial cotton CesA genes isolated for a comparative map-
ping project were defined as pseudogenes because they contained
nonconsensus splice donor dinucleotides (Cronn et al., 1999). The
nonconsensus splice dinucleotides were previously suggested to be
involved in alternatively spliced genes in human and C. elegans
(Thanaraj and Clark, 2001; Farrer et al., 2002). Thus, we questioned
if alternative splice occurred in GhCesA2-DT containing nonconsensus
GC splice donor dinucleotides. Since alternative splice generates mul-
tiple types of transcripts from a single mRNA precursor, we tested
first if any alternative GhCesA2-DT mRNA isoforms were presented
in developing cotton fibers. Using a specific primer set designed
from 5′ and 3′ UTR of GhCesA2-DT, the full length cDNA of GhCesA2-
DT was RT-PCR amplified from both elongation stage (8–12 DPA)
and SCW cellulose biosynthesis stage (16–20 DPA) of cotton fibers.
The full-length cDNA of GhCesA2-AT was also amplified for comparing
with GhCesA2-DT since GhCesA2-AT containing consensus splice donor
dinucleotides alone should not have any alternative splices caused by
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Fig. 3. Phylogenetic relationships of allotetraploid G. hirsutum cellulose synthase (GhCesA) genes and those from diploid A. thaliana (AtCesA) and paleopolyploid P. trichocarpa
(PtiCesA). The phylogenetic tree was generated with the ClustalW program.
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nonconsensus splice donor dinucleotides. Consistent with the semi-
quantitative RT-PCR (Fig. 4C), full-length cDNAs of GhCesA2-AT and
GhCesA2-DT were amplified specifically from the SCW cellulose
biosynthesis stage (16 and 20 DPA) of cotton fibers (Fig. 5). The
single amplicon band representing full length cDNA of GhCesA2-DT

(3,313 bp) as well as GhCesA2-AT (3,264 bp) implied that the non-
consensus GC splice donor dinucleotides of GhCesA2-DT did not sig-
nificantly contribute to alternative splice in developing cotton fibers
when plants were grown on an irrigated field (Fig. 5). Both full
length cDNAs were cloned and sequenced. The cDNA sequences of
GhCesA2-AT (JN382211) and GhCesA2-DT (JN382212) showed that
they have full open reading frames that were identical to all 12
exon sequences from GhCesA2-AT gene (JN382209) and GhCesA2-
DT gene (JN382210) (Fig. 6). Thus, we concluded that GhCesA2-DT

containing nonconsensus GC splice donor dinucleotides was a func-
tional gene as capable of generating functional GhCesA2-DT tran-
scripts as GhCesA2-AT that contained consensus GT splice donor
dinucleotides.
Deduced amino acid sequences between GhCesA2-AT (1,039
amino acids) and GhCesA2-DT (1,040 amino acids) have only four
amino acids that are different (Fig. 6). The 5′-truncated partial
GhCesA2 cDNA sequence (U58284) encoding 685 amino acids, origi-
nally named CelA2 (Pear et al., 1996) was identical to the GhCesA2-
AT cDNA sequence (Fig. 6). A protein motif search using InterProScan
version 4.7 showed a zinc finger motif and eight transmembrane
regions commonly found in CesAs (Fig. 6). Other distinct motifs
(aspartate residues and Q/RXXRW) for CesA catalytic sites were also
detected (Fig. 6).

3.5. Differential expression of GhCesA2-AT and GhCesA2-DT in cotton NILs
showing different fiber bundle strength

Previously, our laboratory reported that there was differential
gene expression in cotton fiber at the transition between elongation
and SCW cellulose biosynthesis stages in two NILs having different
fiber bundle strengths (Hinchliffe et al., 2010). Cotton line MD 52ne
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Fig. 4. Semi-quantitative RT-PCR of homeologous GhCesA2 in allopolyploid G. hirsutum.
(A) Primer specificity for GhCesA2-AT and GhCesA2-DT. The specific primer set for
GhCesA2-AT (amplicon, 424 bp) or GhCesA2-DT (amplicon, 470 bp) was tested by PCR
amplification with full length cDNA of GhCesA2-AT (A-subgenome) or GhCesA2-DT

(D-subgenome) as a template. (B) Tissue preferential expression of GhCesA2-AT and
GhCesA2-DT. The semi quantitative RT-PCR was performed with cDNA templates from
young expanding leaves, old and fully expanded leaves, cotyledons, hypocotyls, root,
bract, and petals. Ubiquitin transcripts expressed constitutively in various cotton tis-
sues were used as a control. (C) Transcriptional regulation during fiber development.
Semi quantitative RT-PCR was performed with cDNAs from different stages (8, 12,
16, and 20 DPA) of developing G. hirsutum fibers.

Fig. 5. Isolation of full length GhCesA2-AT and GhCesA2-DT cDNAs. Full length homeolo-
gous cDNAs of GhCesA2-AT (3,264 bp) and GhCesA2-DT (3,313 bp) were amplified by
RT-PCR with a specific primer set and total RNAs isolated from 20 DPA fibers from
G. hirsutum.

186 H.J. Kim et al. / Gene 494 (2012) 181–189
showed approximately 12% higher fiber-bundle strength than its NIL
MD 90ne, but with no or little differences in average fiber length, fine-
ness, and maturity (Meredith, 2005; Hinchliffe et al., 2010). In this
study, we compared the expression levels of GhCesA2-AT and
GhCesA2-DT between these two NILs by RT-qPCR (Fig. 7). Consistent
with the results of semi-quantitative RT-PCR (Fig. 4C), the RT-qPCR
results showed that transcript levels of both GhCesA2-AT and
GhCesA2-DT were up-regulated at the onset of SCW cellulose biosyn-
thesis in 14–16 DPA fibers of both MD 52ne andMD 90ne (Fig. 7A and
B). Differential expression levels of GhCesA2-AT and GhCesA2-DT were
detected between the two NILs. GhCesA2-AT and GhCesA2-DT tran-
script levels were higher in the higher bundle strength MD 52ne
line at the transition between fiber elongation to secondary wall
biosynthesis stages than for the lower bundle strength MD 90ne
line. Fig. 7A shows that the difference in levels of GhCesA2-AT tran-
scripts in the higher bundle strength line (MD 52ne) were 2.0-fold
at 14 DPA, 1.4-fold at 16 DPA, and 1.8-fold higher than those in the
lower bundle strength line (MD 90ne). Almost identically, the levels
of GhCesA2-DT in the higher bundle strength line (MD 52ne) were
2.0-fold at 14 DPA, 1.4-fold at 16 DPA, and 1.9-fold higher than
those in the lower bundle strength line (MD 90ne) (Fig. 7B).

4. Discussion

4.1. Identification of homeologous CesA2 from allotetraploid cotton

GhCesA2-AT and GhCesA2-DT were newly isolated from allotetra-
ploid G. hirsutum (AD1 genome). GhCesA2-AT from the A-subgenome
of G. hirsutum was similar to CesA2 in A genome diploid species,
whereas GhCesA2-DT from the D-subgenome of G. hirsutum was sim-
ilar to CesA2 in D genome diploid species (Fig. 2). Comparison of
GhCesA2-AT and GhCesA2-DT with partial CesA2 genes from diploid
G. herbaceum (A1 genome) and diploid G. raimondii (D5 genome)
showed that sequences of GhCesA2-AT and GhCesA2-DT were con-
served with CesA2 from the A1 genome and CesA2 from the D5

genome, respectively (Fig. S1). The open reading frame sequence be-
tween GhCesA2-AT and GhCesA2-DT was 99% identical (Fig. 6).
GhCesA2-AT and GhCesA2-DT were clustered with AtCesA4 and
PtiCesA4 whose expressions were abundantly detected in xylem
cells containing SCW cellulose in Arabidopsis and Populous, respec-
tively (Fig. 3). The 5′-truncated partial GhCesA2 cDNA sequence
(U58284), originally named CelA2 (Pear et al., 1996), was identical
to GhCesA2-AT. In contrast, both GhCesA2-AT and GhCesA2-DT showed
no significant sequence similarity with other partial G. hirsutum
cellulose synthase 2 genes (AF139448 and AF139450) that were used
for evolutionary studies and comparative mapping and classified as
CesA2 pseudogenes due to the lack of consensus GT splice donor dinu-
cleotides (Cronn et al., 1999; Senchina et al., 2003).

4.2. Potential roles of nonconsensus GC splice donor dinucleotides

Comparison of GhCesA2 homeologs with partial CesA2 genes from
diploid G. herbaceum (A1 genome) and diploid G. raimondii (D5

genome) showed that the nonconsensus GC splice donor dinucleo-
tides were conserved at intron 10 between CesA2 from the diploid
D5 genome and GhCesA2-DT from the allotetraploid D-subgenome
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Fig. 6. Alignment of deduced amino acids from homeologous GhCesA2 cDNAs of allotetraploid G. hirsutum. Different amino acids among the 5′-truncated partial GhCesA2 originally
named as CelA2 (GhCesA2), GhCesA2-AT, and GhCesA2-DT were bold and boxed. A zinc finger motif was underlined, and eight transmembrane regions were highlighted. Catalytic
sites of CesA (D and QXXRW) were bold and underlined.
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(Fig. S1). In contrast, both CesA2 genes from the diploid A1 genome
and GhCesA2-AT from the allotetraploid A-subgenome contained con-
sensus GT splice donor dinucleotides. In human genetics, aberrant
splice due to mutations at consensus GT splice donor dinucleotides
was suggested to cause human diseases from genetic disorders to
cancer (Buratti et al., 2004; Krawczak et al., 2007; Roca et al., 2008).
Nonconsensus splice dinucleotides have been suggested to be in-
volved in alternative splice in humans, C. elegans, and Arabidopsis
(Thanaraj and Clark, 2001; Farrer et al., 2002; Filichkin et al.,
2010). Alternatively spliced mRNA isoforms harboring premature
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Fig. 7. Differential expression of homeologous GhCesA2 in developing cotton fibers of
near-isogenic lines MD52ne and MD90ne with different fiber bundle strengths. Tran-
script levels of GhCesA2-AT (A) and GhCesA2-DT (B) in developing cotton fibers
(12–18 DPA) for G. hirsutum, MD 52ne and MD 90ne were compared by RT-qPCR.
The transcript levels were normalized with respect to 18S ribosomal RNA.
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termination codons (PTCs) are selectively targeted and degraded by
the nonsense-mediated mRNA decay (NMD) surveillance pathway
(Chang et al., 2007). In polyploid genomes, one duplicated gene
might degenerate to a pseudogene or acquire a modified function,
so called neofunctionalization while the other duplicated gene kept
its original function (Prince and Pickett, 2002; Vandepoele et al.,
2003). Unlike the GhCesA1 homeologs that clustered with two CesAs
(PtiCesA8-A and PtiCesA8-B) among 17 PtiCesAs in the Populous
genome, GhCesA2 homeologs clustered with only one Populus CesA
(PtiCesA4) (Fig. 3). It is possible that one PtiCesA4 duplicated in an an-
cient genome might have degenerated after diploidization of the
paleopolyploid Populus genome. Several cotton CesA genes from allo-
tetraploid G. hirsutum (AF139448 and AF139450) as well as diploid
G. raimondii (AF139449) and diploid G. herbaceum (AF139447) have
been characterized as pseudogenes (Cronn et al., 1999) mainly due
to the lack of consensus GT splice donor dinucleotides. In contrast,
our results (Figs. 5 and 6) show that the GhCesA2-DT gene containing
nonconsensus splice donor dinucleotides was a functional gene that
produced full-length GhCesA2-DT mRNAs with little to no evidence
for alternative mRNA isoforms in developing cotton fibers. In an at-
tempt to find if alternatively spliced GhCesA2-DT mRNA isoforms
existed in the cotton EST database, we compared 41 ESTs encoding
CesA2 sequences identified from the database with GhCesA2-DT. Se-
quence analyses showed that none of the identified ESTs were alter-
natively spliced from GhCesA2 mRNA precursor. Among them, three
ESTs (DW491531, DW491432, and CD486470) from G. hirsutum
(AD1 genome) and one EST (CO099632) from G. raimondii (D5

genome) showed that the intron 10 containing the nonconsensus
splice donor dinucleotides was successfully removed and two adja-
cent exons were properly ligated as shown by our results (Fig. S2).
As a result, we conclude that GhCesA2-DT containing nonconsensus
splice donor dinucleotides was not a pseudogene. Although alterna-
tively spliced GhCesA2-DT mRNA isoforms were little detected in
developing cotton fibers grown in irrigated field conditions, we do
not rule out the possibility that the nonconsensus splice donor in
GhCesA2-DT may be involved in alternative splice in response to abi-
otic stresses such as drought and cold temperature in the same way
that alternative splice of Arabidopsis SRP30 is involved in responding
to abiotic stresses (Filichkin et al., 2010). We are currently investigat-
ing if abiotic stresses reduce cellulose biosynthesis in developing cot-
ton fibers by activating alternative splice processes of cotton CesA
genes containing nonconsensus splice donor dinucleotides.

We also tested the possible existence of another copy of a
GhCesA2-DT gene in the G. hirsutum genome containing a consensus
splice donor at intron 10 instead of a nonconsensus splice donor.
The region covering intron 10 containing the nonconsensus splice
donor dinucleotides of GhCesA2-DT was PCR amplified from genomic
DNA of allotetraploid G. hirsutum (AD1). All of twenty-five GhCesA2-
DT amplified and cloned from G. hirsutum genomic DNA contained
the nonconsensus GC splice donor dinucleotides. Since GhCesA2-DT

in the D-subgenome of allotetraploid G. hirsutum originated evolu-
tionarily from CesA2 in the D genome of diploid species G. raimondii,
we also tested if there was another CesA2 copy containing a consen-
sus splice donor instead of a nonconsensus splice donor. All twenty-
five CesA2 genes amplified from G. raimondii contained the noncon-
sensus GC splice donor dinucleotides at intron 10. Thus, it is unlikely
that another copy of the GhCesA2-DT gene containing a consensus
splice donor exists in G. hirsutum.
4.3. Transcriptional regulation of GhCesA2 homeologs

GhCesA2 originally named Cel2 was previously reported to be a
cotton fiber specific gene by Northern blot analysis (Pear et al.,
1996). Semi-quantitative RT-PCR (Fig. 4) and RT-qPCR (Fig. 7)
that are more sensitive in detecting low abundant transcripts than
Northern blot analysis showed that GhCesA2 was not specifically,
but rather preferentially expressed in cotton fibers (Fig. 4). These re-
sults were consistent with the expression patterns of GhCesA4 from
the A-subgenome of G. hirsutum being a homeologous gene of
GhCesA1 from the D-subgenome of G. hirsutum (Pear et al., 1996;
Kim et al., 2002; Grover et al., 2004). Northern blot analysis showed
that GhCesA4 was expressed specifically in cotton fibers (Kim et al.,
2002), but RT-qPCR and promoter analyses with a reporter gene
showed GhCesA4 was expressed in both fiber and non-fiber tissues
although GhCesA4 transcripts were highly expressed during the
SCW biosynthesis stage of fiber development (Kim et al., 2011). The
results of Figs. 4, 5, and 7 showed that transcript levels of GhCesA2
homeologs were commonly regulated in different developmental
stages from various cotton tissues.

The higher expression (1.4–2.0 fold) of both GhCesA2-AT and
GhCesA2-DT in the higher bundle strength MD 52ne line than the
lower bundle strength MD 90ne line at the transition stage (14–18
DPA) was consistent with the previous microarray results showing
that GhCesA2 transcript levels in the MD52ne line at the transition
stage (16 DPA) were 2.1-fold higher than those in the MD90ne line
(Fig. 7; Hinchliffe et al., 2010). The microarray analyses between
two NILs revealed that SCW biosynthesis-related genes were signifi-
cantly up-regulated at the transition stage (16 DPA) of cotton fiber
in the higher bundle strength MD52ne line over the lower bundle
strength MD 90ne (Hinchliffe et al., 2010). The higher transcript
levels of SCW biosynthesis-related genes in developing fibers from
MD52ne were suggested to contribute higher fiber strength by affect-
ing the degree of polymerization of cellulose or/and cellulose microfi-
bril orientation (Hinchliffe et al., 2010). Both GhCesA2-AT and
GhCesA2-DT up-regulating at the transition stage of developing cotton
fibers are mainly responsible for SCW biosynthesis in cotton fibers
(Pear et al., 1996). In Arabidopsis, a mutation of AtCesA4 that is an
ortholog of GhCesA2-AT and GhCesA2-DT resulted in a SCW deficient
phenotype (irregular xylem 5) in which the cellulose content was re-
duced to 30% of wild type Arabidopsis (Taylor et al., 2003). Thus,
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differential expression of GhCesA2-AT and GhCesA2-DT may affect
SCW biosynthesis of cotton fiber.

In summary, we isolated two CesA2 homeologous genes, GhCesA2-
AT from the A-subgenome and GhCesA2-DT from the D-subgenome of
allotetraploid G. hirsutum. Both GhCesA2-AT and GhCesA2-DT could
produce functional and full-length transcripts despite the existence
of nonconsensus splice donor dinucleotides in GhCesA2-DT.
GhCesA2-AT and GhCesA2-DT were preferentially and most abundant-
ly expressed during the cellulose biosynthesis stage of developing
cotton fiber and might be involved in regulating cotton fiber proper-
ties. Thus, the ability to manipulate the expression of GhCesAs in-
volved in SCW cellulose biosynthesis may lead to strategies for
improving cotton fiber quality.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.gene.2011.12.018.
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